Addresses
We investigated a patient with suspected hypopituitarism who showed subnormal cortisol responses to stimulation tests with adrenocorticotrophic hormone (ACTH) and hypoglycaemia, but normal ACTH and 11-deoxycortisol responses in the metyrapone test. Cortisol-binding globulin (CBG) was measured by enzyme-linked immunosorbent assay (ELISA), and was used to calculate plasma free cortisol and free cortisol index. The patient had a low plasma CBG concentration. Reinterpreted in terms of free cortisol and free cortisol index, his responses to ACTH were normal. We conclude that despite subnormal total cortisol responses to ACTH and hypoglycaemia, the patient had a normal hypothalamic-pituitary-adrenal (HPA) axis. Measurement of CBG concentration and calculation of free cortisol or free cortisol index can help avoid false interpretations of dynamic tests of the HPA axis based on plasma total cortisol. 
Case report
A 65-year-old Korean man presented with an 18month history of tiredness and vague neurological symptoms. A brain magnetic resonance imaging (MRI) scan showed a possible anterior communicating artery aneurysm and an empty sella. He was taking beza¢brate for hyperlipidaemia. His blood pressure was 110/60 mm Hg. His physical examination was normal.
Basal pituitary function tests did not show any evidence of hypopituitarism. In particular, thyroid function tests, prolactin, luteinizing hormone, follicle stimulating hormone, growth hormone, insulin-like growth factor-1 and 09:00 testosterone were normal. A low-dose adrenocorticotrophic hormone (ACTH) stimulation test was performed, which showed a subnormal cortisol response (Table 1 ). This was followed by a 250 mg synacthen test, which was also subnormal ( Table 1) . Because these subnormal cortisol responses were felt to be inconsistent with the clinical picture, an insulin hypoglycaemia test was performed. A glucose nadir of 1.3 mmol/L was achieved, and the cortisol increased from basal 170 nmol/L to a peak of 433 nmol/L, a subnormal response (normal response 4500 nmol/L). Six months later, the low-dose synacthen test was repeated; the results were subnormal again (Table 1) .
Because the ACTH-stimulation and hypoglycaemia test results were anomalous, a metyrapone test, which does not depend on the cortisol response, was performed. This showed normal post-metyrapone responses: ACTH 199 pmol/L (normal 430), 1 11-deoxycortisol 209 nmol/L (normal4200) and cortisol 49 nmol/L. Basal ACTH levels on two occasions were normal at 5.1 and 3.5 pmol/L (reference interval at 08:00 2--11pmol/L), excluding primary adrenal insu⁄ciency.
Methods
Total cortisol was measured by the Roche E170 analyser (Roche Diagnostics, New Zealand) and cortisolbinding globulin (CBG) by enzyme-linked immunosorbent assay (ELISA), as previously described. 2 Free cortisol was calculated by the equation of Coolens et al. 3 Free cortisol index (FCI) was de¢ned as (total cortisol Â100)/CBG, with both cortisol and CBG in molar units. Free cortisol (calculated) and FCI data were obtained from 51 normal volunteers 30 min after 250 mg intravenous synacthen (Lewis J, unpublished data) and were recalculated from the published data of Dhillo et al. 4 using the Coolens equation and a molecular weight of 52 kDa for CBG. In addition, free cortisol was measured by ultra¢ltration in 12 normal subjects after synacthen stimulation as previously described. 5 
Results and discussion
Two commonly used dynamic tests of the hypothalamic--pituitary--adrenal (HPA) axis are based on the plasma total cortisol response to ACTH or hypoglycaemia. However, free plasma cortisol, which comprises 5--10% of total cortisol, is the bioactive fraction, and its concentration is dependent on the binding of cortisol to CBG, which shows a wide population variation. 2, 4 The relationship of plasma free cortisol to total cortisol depends on the CBG concentration and is non-linear, with free cortisol rising more steeply as CBG binding sites become saturated. 3 The patient's normal basal ACTH excludes primary adrenal insu⁄ciency, and his robust ACTH response to metyrapone indicates normal HPA axis function (Table 1 ). His plasma CBG concentration was low at 291 and 353 nmol/L, measured on two occasions (ref. interval 300--1800 nmol/L). Although his plasma total cortisol responses in all three synacthen tests were subnormal, the calculated plasma free cortisol and FCI responses were well within the reference intervals for normal subjects (Table 1) . Thus all the tests on this patient are consistent with a normal HPA axis, if the synacthen tests are interpreted in terms of free cortisol. The insulin hypoglycaemia test could not be reinterpreted because there are no published data for free cortisol or FCI responses to hypoglycaemia in normal subjects; however, the subnormal total cortisol response to this test is also likely to be due to low CBG.
The plasma total cortisol response of normal subjects to ACTH has recently been reviewed. 6 A peak response of o500 nmol/L is widely regarded as subnormal, and 500--600 as equivocal, although a small percentage of normal subjects show cortisol responses as low as 415 nmol/L. 6 A recent study showed that the cortisol response to ACTH in normal subjects correlates with CBG concentration, and that normal subjects who show low total cortisol responses have lower mean plasma CBG concentrations. 4 Direct measurement of plasma free cortisol is timeconsuming, technically di⁄cult, and requires relatively large volumes of plasma. 5 Hence calculation of plasma free cortisol or FCI using a CBG measurement is more suitable for routine clinical use. Free cortisol calculated using an equation that incorporates binding to both CBG and albumin correlates well with measured free cortisol 3 and displays the correct nonlinear relationship to total cortisol due to saturation of CBGbinding sites. However, the calculation of free cortisol is complex and published cortisol--CBG binding constants vary by more than two-fold. 3, 7, 8 Calculated free cortisol values are therefore comparable only if the same equations and binding constants have been used. FCI is a simple molar ratio of cortisol to CBG, and its calculation is therefore comparable between laboratories, but has the disadvantage that it does not show the correct non-linear relationship between free and total cortisol. However, assays for CBG are not widely available, and synacthen and insulin hypoglycaemia tests are almost universally interpreted in terms of the plasma total cortisol response. Attention has recently been drawn to the e¡ect of low CBG in masking the free cortisol response in critically ill patients 9 and in the postoperative period. 10 We report our experience with a patient with low CBG who showed consistently subnormal cortisol responses to ACTH and hypogly- 
